An analytical method was established for the simultaneous determination of 39 polycyclic aromatic hydrocarbons (PAHs) in air. The method was applied to a survey of gaseous and particulate PAHs in household indoor air. The survey was performed in 21 houses in the summer of 1999 and in 20 houses in the winter of 1999-2000 in Fuji, Japan. Thirty-eight PAHs were determined in indoor and outdoor air in the summer, and 39 PAHs were determined in indoor and outdoor air in the winter. The concentrations of gaseous PAHs in indoor air tended to be higher than those in outdoor air in the summer and winter. The concentrations of particulate PAHs in indoor air were the same as or lower than those in outdoor air in the summer and winter. PAH profiles, correlations between PAH concentrations, and multiple regression analysis were used to determine the factors affecting the indoor PAH concentrations. These results showed that gaseous PAHs in indoor air were primarily from indoor emission sources, especially during the summer, and that indoor particulate PAH concentrations were significantly influenced by outdoor air pollution.
M
any polycyclic aromatic hydrocarbons (PAHs) are carcinogenic or mutagenic (1, 2) . PAHs are by-products of incomplete combustion (e.g., fuel burning, smoking, and cooking) and are found in both indoor and outdoor air (3) (4) (5) (6) (7) . PAHs are grouped into classes according to their chemical reactivity and carcinogenicity, which vary from class to class (6) . The International Agency for Research on Cancer (IARC) has classified benzo[a]pyrene (BaP), benz [a] anthracene (BaA), and dibenz[a,h]anthracene (DBahA) as Class 2A carcinogens (probable human carcinogens; 2). A number of studies on the carcinogenicity of BaP have been performed, and the mechanism of its chemical reactivity has become clear (8, 9) .
To evaluate the health risks associated with exposure to hazardous air pollutants, it is necessary to determine their exposure levels throughout our daily activities. Because we spend most of our time indoors, indoor pollution plays an important role in estimating exposure levels of pollutants.
Various methods for the detection of PAHs, including those using liquid chromatography (LC; 10), gas chromatography (GC; 11), and GC/mass spectrometry (MS; 12), have been developed, and surveys of PAHs in outdoor air have been performed successively for several decades (13) (14) (15) (16) . However, surveys of PAHs in indoor air are rare, and where they do exist, the number of PAHs detected is limited.
In a previous paper, we developed an analytical method for measuring PAHs in an indoor environment and used the method to survey the gaseous and particulate PAHs in the city of Shizuoka in the summer (17) .
In the work described in this paper, we established an analytical method for the simultaneous determination of 39 PAHs and applied the method to a survey of PAH pollution in indoor air. In addition, seasonal variation, PAH profiles, correlations between PAHs, and factors affecting indoor PAH pollution were investigated.
Experimental

Reagents
Thirty-nine 2-to 7-ring PAHs were used as target compounds in the survey. The PAH standard reagents were of the highest purity available and were dissolved in acetonitrile (Wako Chemicals, Osaka, Japan). The standard solution of the 39 PAHs was prepared by combining the individual PAH standard solutions. Dichloromethane and n-hexane for extraction were residual pesticide analysis grade (Wako Chemicals), dimethyl sulfoxide (DMSO) for sample preparation was fluorometric analysis grade (Dojindo Chemical Corp., Kumamoto, Japan), and methanol and distilled water for the mobile phase were LC grade (Wako Chemicals). 
Analysis
The PAHs were separated on an LC system consisting of an L-6000 series pump, an L-5090 degasser, an AS-2000 autosampler, an F-1080 spectrofluorometer (Hitachi Corp., Tokyo, Japan), a mixer (Agilent Technologies, Palo Alto, CA), a CO630 column oven, and a 6-way valve (GL Science Corp., Tokyo, Japan). The precolumn (4.6 mm id´30 mm) for PAH condensation and cleanup and the main column (4.6 mm id × 250 mm) for PAH separation were Wakosil-II 5C-18 PAH (Wako Chemicals). The column temperature was 40°C, and the flow rate of the mobile phase was 1.0 mL/min. PAHs were detected by 2 spectrofluorometers connected in series, with detection wavelengths automatically changing during analysis. The changes in the composition of the mobile phase and in the detection wavelengths are given in Table 1 .
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Quality Assurance
To verify the reliability of the PAH sampling procedure, measurements on blank samples and recovery, reproducibility, and sampling efficiency tests were performed. Recovery tests were performed for both gaseous and particulate PAHs. The collected airborne particulates and XAD-2 resin were spiked with a known amount of standard PAH solution, extraction and analysis were performed as described above, and recovery was calculated. Reproducibility was determined by analyzing 4 samplers simultaneously. The sampling efficiency was also tested. If it is assumed that the n layers in the XAD-2 tube are able to separate equally, and that the amount of PAH adsorbed on each layer is proportional to the PAH concentrations in the air, the amounts adsorbed become a geometric series. The amount adsorbed can be calculated as follows: the amount adsorbed in the first layer = CAr; the amount adsorbed in the second layer = CA (1 -r) 
Multivariate Analysis
Statistical analyses consisting of the significance test (analysis of variance), principal component analysis, and multiple regression analysis were performed by using statistical analysis software (SSRI Co. Ltd., Tokyo, Japan). In the multiple regression analysis, the variables in summer were outdoor concentrations and questionnaire items such as number of hours with windows open, presence of garage, hours of air conditioner use, presence of tatami mat, age of house, and structure of house (ferroconcrete or wood). The variables in winter were outdoor concentrations, number of hours with windows open, and number of hours of kerosene heater, air conditioner, or electric heater use. Analysis was performed by using stepwise regression; colinearity was tested before analysis. Variables were selected with a criterion of F = 2.0 for inclusion and exclusion, and the final model included only variables for which P < 0.05. Figure 2 shows liquid chromatograms of extracts from indoor air samples together with the chromatogram of the PAH standard solution. The detection limits of 39 PAHs, which were calculated at a signal-to-noise ratio of 10, ranged from 0.38 (1MP) to 93 pg (BeP). When blank samples were analyzed, 4-to 7-ring PAHs were not detected in glass fiber filter blanks (2 samples) or XAD-2 resin blanks. However, 2-to 3-ring PAHs were detected in XAD-2 resin blanks, and Nap was consistently detected at a concentration of 4.5 ± 1.8 ng/m 3 ; the other 2-and 3-ring PAHs were detected at much lower concentrations. Recoveries of PAHs from particulates ranged from 90.1 (1MA) to 102.4% (BaP), and recoveries of PAHs from XAD-2 resin ranged from 95.7 (Ant) to 105.7% (Dip). Coefficients of variation ranged from 2.4 (Py) to 11.8% (Tph) for the 4-to 7-ring PAHs collected on glass fiber filters and from 3.0 (1MN) to 9.0% (1,6DMN) for the 2-to 4-ring PAHs collected on XAD-2 resin. Sampling efficiency ranged from 93.0 to 100% in both indoor and outdoor air samples, suggesting that there was no breakthrough of gaseous PAHs in the XAD-2 tube. These results show that the present method is highly reliable.
Results and Discussion
Quality Assurance
PAH Distribution in Indoor and Outdoor Air
To elucidate the distribution pattern of PAH concentrations, indoor and outdoor concentrations for 2 PAHs, Nap and BaP, were plotted on log-normal probability paper and normal probability paper (Figure 3) . The plots were more linear on log-normal than on normal probability paper; these results suggest a log-normal distribution of indoor and outdoor PAH concentrations.
Indoor and Outdoor PAH Concentrations in Summer
The results of the survey revealed that 2-to 3-ring PAHs were present mainly in the gas phase, that 5-to 7-ring PAHs were present mainly in the particle phase, and that 4-ring PAHs, e.g., Py, were found in both gas and particle phases. Table 2 summarizes the results of the survey in the summer. Thirty-five PAHs were detected in indoor air in 90% of the houses in the survey. 9,10DMA was not detected in the indoor air of any of the houses, but 3 other PAHs were detected in some houses. Of the PAHs measured, Nap was detected at the highest concentration, with geometric means of 1500 and 670 ng/m 3 in indoor and outdoor air, respectively. In 1 house, where the outdoor Nap concentration was 3600 ng/m 3 , the indoor Nap concentration was extremely high (26 000 ng/m 3 ). The next highest indoor Nap concentrations were 9500 and 3300 ng/m 3 . The ratios of maximum to minimum Nap concentration were 130 and 13 in indoor and outdoor air, respec- Only the highest outdoor concentration was affected.
c P < 5%.
tively. These results show that lifestyle directly influences the concentrations of gaseous Nap. Methyland dimethylnaphthalenes were also detected at high concentrations. For the naphthalene series, Nap was detected at the highest concentration, followed by methylnaphthalene and dimethylnaphthalenes; this finding suggests that the PAH concentration in the air decreases with increasing methyl group substitution. Among the 4-to 7-ring PAHs, Fluor was detected at the highest concentration, with a geometric mean of 5.5 ng/m 3 . The geometric means for BaA, BaP, and DBahA, which are IARC Class 2A carcinogens, were 0.098, 0.25, and 0.055 ng/m 3 , respectively. With the exception of Ant and its methyl derivatives, the indoor/outdoor ratios in Table 2 show that the gaseous PAH concentrations indoors were 1.4 (Fluor) to 7.3 (2MPhe) times higher than those outdoors. No significant correlations (P < 0.05) were found between the indoor and outdoor concentrations of many gaseous PAHs. On the other hand, for particulate PAHs, the indoor/outdoor ratios show that the particulate PAH concentrations indoors were slightly less than those outdoors. Significant correlations (P < 0.05) were found between the indoor and outdoor concentrations of particulate PAHs. Table 3 summarizes the results of the survey in the winter. Thirty-seven PAHs were detected in indoor air in 90% of the houses in the survey, and 2 other PAHs were detected in some houses. The geometric mean concentration of Nap (1500 ng/m 3 ) was the highest of all PAHs detected. The maximum Nap concentration in indoor air was 50 000 ng/m 3 , which was higher than the corresponding value in the summer. This higher concentration is the result of doors and windows being shut in some houses in the winter. Methyl-and dimethylnaphthalenes were also detected at high concentrations. For the naphthalene series, Nap was detected at the highest concentration, followed by 1MN and then by dimethylnaphthalenes, which was the same tendency as in the summer. Among the 4-to 7-ring PAHs, Tph was detected at the highest concentration, with a geometric mean of 1.8 ng/m Table 3 show that the gaseous PAH concentrations indoors were 1.3 (Flu) to 470 (1,6DMN) times higher than those outdoors. No significant correlations (P < 0.05) were found between indoor and outdoor concentrations of many gaseous PAHs. On the other hand, the indoor/outdoor ratios for particulate PAHs in winter were lower than those in summer. Significant correlations (P < 0.05) were found between indoor and outdoor concentrations of particulate PAHs. Table 4 shows summer/winter ratios for the 39 PAHs of the survey. Ratios for both indoor and outdoor concentrations are listed. The indoor concentrations of the 2-to 4-ring PAHs tend to be higher in the summer than in the winter, and the same is true for outdoor concentrations of these PAHs. These trends were also obtained in surveys of the urban air of the southern Chesapeake Bay area in the United States (18) , and of the atmosphere of Greece (19) .
Indoor and Outdoor PAH Concentrations in Winter
Seasonal Variations of PAH Concentration
The indoor and outdoor concentrations of the 5-to 7-ring PAHs were significantly higher in winter than in summer. The trends were more apparent for PAHs in outdoor air than in indoor air and were caused by various factors. In particular, it is believed that soot and smoke emitted from factories caused elevated particulate PAH concentrations (18, 20) . Because a lot of factories used heaters in winter, their exhaust was emitted into the outdoors. Thus, outdoor PAH concentrations were elevated.
Four-ring PAHs are known to distribute between the gaseous and particulate phases (18, 21) . Among the PAHs, Py has a higher concentration in the summer than in the winter ( Table 4 ). The summer and winter concentrations of gaseous Py and particulate Py were compared, and the results are summarized in Figure 4 . The concentration of gaseous Py in the summer ranged from 0.62 to 16 ng/m 3 (indoor) and from 0.13 to 13 ng/mindoor emission sources of gaseous PAHs, that the contribution from these emission sources increases in the summer, and that there are no special emission sources of particulate PAHs that affect the PAH profiles. Table 5 shows correlations between the indoor concentrations of the PAHs in winter. Significant correlations (P < 0.05) were found between some 2-and 3-ring PAHs and between most 5-and 7-ring PAHs. This trend was also found in correlation matrixes of indoor and outdoor concentrations in summer. Table 6 shows correlations between the outdoor concentrations of the PAHs in winter. Significant correlations were found between 2-and 7-ring PAHs. These correlations were not found in the indoor correlation matrix and may reflect the effect that heating sources have on outdoor PAH concentrations.
Correlations Between PAHs
To classify the PAHs, principal component analysis was performed by using the outdoor PAH concentrations. The results ( Figure 6 ) showed that the 4-to 7-ring PAHs were in the same group and that Nap, 1MN, Ace, and Phe differed from the other PAHs. In conclusion, indoor and outdoor particulate PAH concentrations had significant correlations, whereas Nap, 1MN, Ace, and Phe behaved differently from particulate PAHs.
Multiple Regression Analysis
Seven factors affecting the indoor concentrations of Nap, Dip, Ant, Phe, Py, Chry, Tph, BaA, BaP, DBahA, DBaeP, and Cor were selected by multiple regression analysis (Table 7) : outdoor concentration, open window, garage, air conditioner, tatami mat, age of house, and type of house. Data of the house with the extremely high indoor and outdoor gaseous PAH concentrations were not included in the multiple regression analysis. Outdoor concentration was selected predominantly for Tph, BaA, and the 5-to 7-ring PAHs. This selection suggests that the indoor concentrations of these PAHs are strongly affected by outdoor pollution, because, as described earlier, the indoor and outdoor concentrations and profiles of these PAHs are nearly the same, and there is significant correlation between indoor and outdoor concentrations. Outdoor concentration was not selected as a factor affecting the indoor concentrations of Nap, Dip, and Phe. This result suggests that the indoor concentrations of these PAHs are primarily affected by indoor emission sources and only slightly affected by outdoor pollution. Only open window was selected as a factor for Py. In this analysis, no factors affecting indoor concentration were selected for Ant and Chry. In addition, tatami mat decreased the indoor concentrations of Nap, Dip, Tph, and BaP.
In winter, the variables were outdoor concentration, open window, kerosene heater, air conditioner, and electric heater (Table 7) . Kerosene heaters were used for an average of 4.5 h in 6 of the 20 houses. For the indoor concentrations of PAHs, except Nap, Dip, Ant, Phe, and Py, outdoor concentration was selected as a factor. It is suggested that the emission sources of 2-to 3-ring PAHs were present in the indoor environment, whereas the concentrations of 4-to 7-ring PAHs were significantly influenced by outdoor air pollution in nonsmoking houses. Although it is known that insect repellent is a partial source of Nap, the emission sources of other gaseous PAHs are not apparent. These results should be tested further with a larger sample of houses.
